of Health, Republic of Korea. We also investigated the MCT2-3' UTR SNP for its clinical relevance, particularly in sperm parameters from infertile patients. In addition to the clinical association study, we show MCT2 expression levels in sperm based on the MCT2 3' UTR polymorphism to investigate the direct role of MCT2.
INTRODUCTION
Monocarboxylic acid transporters (MCTs) facilitate the influx and efflux of pyruvate (CH 3 COCOO -) and lactate (CH 3 CH (OH) COO -) across the plasma membrane in various organs. 1 The MCT family comprises of 14 members, of which four MCTs (1-4) carry metabolic compounds.
Lactate is an important energy substrate for spermatogenic cells provided by sertoli cells.
2 MCT1, 2 and 4 are present in the testis. 3 In particular, ubiquitously expressed MCT1 is present in the sperm head, but disappears in the distal epididymis where it is important for sperm maturation and movement. MCT2 is present in the sperm tail throughout the epididymis, and has a 10-fold higher affinity for monocarboxylates than that of MCT1. 1, 4 Sperm energy metabolism has been investigated as it relates to survival and motility, which is important for male fertility. 5, 6 Motility is essential for spermatozoa function and sperms require a continuous ATP source. Pyruvate and lactate are metabolized to produce ATP and thus, are good energy substrates for sperm survival and movement. Therefore, they may represent ideal candidates as risk factors for human disease. 7 Because MCT2 transports pyruvate and lactate outside and inside of sperm, we investigated the association among MCT2 single nucleotide polymorphisms (SNP) with male infertility and selected sperm parameters. We analyzed intron 2 (+28201A > G, rs10506398) and the 3' untranslated region (UTR) SNP (+2626G > A, rs10506399) in the MCT2 gene for their association with male infertility. We selected 
Polymorphism genotyping
Genotyping for the two MCT2 SNPs (+28201A > G and +2626 G > A) was performed by pyrosequencing. The pyrosequencing assay was designed with pyrosequencing assay design software (Biotage AB, Uppsala, Sweden). The sequences for the pyrosequencing primers were: +28201A > G (rs10506398); forward primer: 5'-biotin-AAGTACCTCTGTTGTGGCAAAAAT-3' , reverse primer; 5'-GCAGAGGTTATGTTGCCTTTG AA-3' , sequence primer; 5'-AAAACATATCATGTTCGATT-3' . +2626 G > A (rs10506399); forward primer: 5'-biotin-GGCATCAATCCAGATTCACTGT-3' , reverse primer; 5'-ATTAAAACCACCCCTCACTCTCTT-3' , sequence primer and 5'-GCAGGATTGTAAGTAGACC-3' .
Sperm preparation and protein extraction
Sperm cells were extracted from a modified two-gradient (50%-80%) Percoll centrifugation method from ejaculated human semen obtained from nine genotyped men. 11 The sperm pellet was washed three times and resuspended in phosphate buffered saline, and then reanalyzed with a Sperm Class analyzer system (Microptic S.L., Barcelona, Spain). The sperm pellet (99% purity) was resuspended in denaturing lysis buffer (20 mmol l -1 Tris, pH 7.4, 2% sodium dodecyl sulfate and 1 mM phenylmethanesulfonyl fluoride). The supernatant was collected after centrifugation and protein was quantified by the bicinchoninic acid assay. Total protein quantity was dependent on sperm number because of purity (99%). Twenty micrograms of protein obtained from each patient was loaded into each lane for 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The proteins were transferred to a nitrocellulose membrane using an electrophoretic method (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The human MCT2 antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Construction of reporter plasmids
The pEGFP-3' UTR-G and A reporter vectors were constructed with the MCT2 3› UTR fragment into the pEGFP-C1 vector (Invitrogen, Paisley, UK) at the XhoI and BamHI sites for the green fluorescent protein (GFP) reporter assays. A 1.2-kb fragment containing the 3' UTR of the human MCT2 gene was prepared by polymerase chain reaction amplification from the full-length cDNA clone. The MCT2 3' UTR fragment was amplified from full-length MCT2 cDNA (KRIBB, Daejon, Republic of Korea) using the following primers: forward 5'-CCGCTCGAGCGTCAAAGTTTCAAATGCACA-3' and reverse 5'-CGGGATCCCAAGAATCAAGATCGGGTGAA-3'. Reporter plasmids were transfected in HEK293 and HEK293T (human embryonic kidney cells) using DharmaFECT® Duo (Thermo Fisher Scientific, Waltham, MA, USA), according to the manufacturer's protocol. The transfected 293T cells were grown in DMEM supplemented with 10% fetal bovine serum.
Statistical analysis
Multiple logistic regression models were used to calculate odds ratios (OR), 95% confidence intervals (CIs) and corresponding P. All analyses were performed using Statistical Analysis Software (SAS Institute, Cary, NC, USA). 12 Student's t-test and analysis of variance were used to compare the expression levels of the MCT2 genotypes (GG vs AA). A P < 0.05 was considered significant.
RESULTS
We investigated two sequence variations in the MCT2 gene by pyrosequencing in a case-control study using peripheral blood DNA from infertile and fertile Korean men. We selected two SNPs from intron 2 (+28201A > G, rs10506398) and the 3' UTR SNP (+2626G > A, rs10506399) in the MCT2 gene. We found that both SNPs had a significant association with male infertility (n = 363, P < 0.05). The variant type (+28201GG) was 4.71% in fertile males (n = 265) for MCT2 +28201A > G SNP, but 11.97% in infertile males (n = 471, P = 0.035). In particular, the variant type (+2626AA) for the MCT2-3' UTR SNP (+2626G > A) was 3.39% in fertile males (n = 265) and 13.8% in infertile males (n = 471, P < 0.0001) ( Table 1) . We analyzed whether the frequency of the +2626G > A genotype followed the Hardy-Weinberg equilibrium law. No deviation from Hardy-Weinberg equilibrium was observed in the infertile and fertile samples (P = 0.544; degrees of freedom = 1). We classified infertile men into two subgroups of OAT (spermatozoa in the ejaculate; n = 290) and azoospermia (no spermatozoa in the ejaculate; n = 181), and analyzed the associations in each group. Interestingly, the MCT2-3' UTR SNP had a strong association with OAT (n = 290, OR, 6.13; P = 0.0001), but a weak association with azoospermia (n = 181, OR, 2.28; P = 0.06).
We further investigated sperm cell pathophysiology in this +2626GG genotype and analyzed its association with sperm count, vitality, motility and morphology from OAT subjects. As a result, the +2626GG genotype had a significant association with all four sperm parameters (n = 181, P < 0.05). In particular, the +2626GG type had an almost 2.4-fold higher sperm count than the +2626AA type (+2626GG; 66 × 10 6 vs +2626AA; 27 × 10 6 , P < 0.0001) ( Table 2) . We also analyzed the association between the MCT2 SNP and luteinizing hormone, follicle-stimulating hormone, prolactin and testosterone levels, but found no significant associations (n = 181, P > 0. 05).
Both MCT2 SNPs had a significant association with male infertility. Furthermore, the +2626AA types had a significant correlation with all sperm parameters. The +2626G > A polymorphism may be important for regulating gene expression, as it was located at the MCT2 3' UTR. Therefore, we verified whether MCT2 expression was dependent on the MCT2 3' UTR genotype directly from sperm of genotyped patients undergoing in vitro fertilization.
We assessed MCT2 protein expression (about 40 kDa) by Western blot using total sperm protein from nine genotyped individuals. The MCT2 expression from five +2626GG (G1-G5) and four +2626AA (A1-A4) types is shown in Figure 1a . Strong MCT2 expression was observed in the 2626GG types, but overall weak expression was found in the 2626AA types. Of the four +2626AA types, A3 showed strong MCT2 expression. The expression level was measured by relative optical density (ROD) and graphed (Figure 1b) . Average MCT2 expression in sperm of the +2626GG types (ROD = 0.94) was about two times higher than that of the +2626AA types (ROD = 0.44). MCT2 3' UTR SNP was important for gene expression in infertile males.
DISCUSSION
Previous genetic association studies have shown that single-gene or polygenic variations are associated with male infertility. 9,13,14 Here, we investigated the MCT2 SNP for its clinical relevance in infertile patients.
We further determined whether the MCT2 3' UTR SNP affected MCT2 gene expression in an in vitro GFP reporter assay. We constructed two reporters expressing GFP along with the 3' UTR sequences (G or A at +2626 position). We constructed two pEGFP-3' UTR-G (+2626G, G type) and pEGFP-3' UTR-A (+2626A, A type) reporters to directly compare the polymorphic effects. The G type had almost twofold more fluorescence activity relative to that of the A type (data not shown).
Overall weak expression from the 2626AA sperm types may explain their association with the sperm parameters. A low amount of MCT2 in 2626AA types of sperm may affect energy metabolism compared to that in 2626GG types of sperm. However, further mechanistic studies are needed to support the results of this association study.
Sperm energy metabolism may be closely related with survival and motility. The principal sources of ATP production are not only glycolysis but also mitochondrial oxidative phosphorylation. Human sperm obtain a high proportion of their ATP from glycolysis, 15 and respond to changes in energy demand by adjusting glycolytic flux rather than by mitochondrial respiration. 16 Pyruvate and lactate are metabolized to produce ATP and thus, are good energy substrates for sperm survival and movement. Mammalian spermatozoa use lactate as an anaerobic energy source. MCT2 supports germ cell metabolic processes, but inhibiting MCT2 may affect sperm parameters. 17 3' UTR polymorphisms may have an effect on the regulation of gene expression during spermatogenesis and may affect mRNA stability and translational efficacy during spermatogenesis. 18 Some 3' UTR polymorphisms are associated with differential gene expression, but the underlying mechanisms are not fully understood. 19 Posttranscriptional control of gene expression in these phases can be mediated by 3' UTR sequences of messenger RNAs where they may be regulated by RNA-binding proteins or miRNAs, indicating that the 3' UTR may play important roles in spermatogenesis. 18, 20 Our findings suggest a new paradigm and support the pursuit of 3' UTR MCT2 SNPs in all reproductive diseases to better understand its gene regulatory role in genetic risk.
CONCLUSIONS
MCT2 genetic variations were associated with infertility in Korean males. We identified the clinical meaning of the 3' UTR MCT2 SNP for male infertility. We determined that the 3' UTR MCT2 SNP alters MCT2 expression during spermatogenesis.
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